INTRODUCTION {#S1}
============

The study of the molecular factors that determine risk and subsequent development of Post-traumatic stress disorder (PTSD) are at the forefront of molecular psychiatric research. A significant number of men and women exposed to severe emotional trauma and loss emerge from these events with persistent PTSD symptoms, such as intrusive imagery, avoidance and hyperarousal, as well as other long-term physical health problems. PTSD affects 7--8% of the general United States (US) population, and is higher among troops recently returned from the wars in Iraq and Afghanistan, with estimates of prevalence as high as 20%^[@R1]^. Annual health care costs associated with PTSD in the US have been estimated to be 180 million dollars^[@R2]^. Heterogeneity in susceptibility to PTSD suggests that differences at the molecular level (i.e. gene-expression level) may influence an individual's physiological and psychological response to trauma and thus the development of PTSD. A clear understanding of the molecular mechanisms underlying this aberrant response to trauma is required to reduce the substantial morbidity and mortality associated with this disorder.

A number of studies have analyzed blood gene expression and glucocorticoid activity to build more effective models for identifying molecular factors associated to PTSD^([@R3]--[@R12])^. These studies were recently reviewed by Heinzlemann and Gill^[@R2]^, who summarized that the increased expression of inflammatory genes and decreased expression of the genes that regulate inflammation contribute to the onset of PTSD. Specifically, when considering the overlap in results from transcriptomic studies, the decreased expression of *FKBP5* and *STAT5B*, which regulate inflammation, is evident^([@R4],[@R6],[@R7],[@R9])^. The majority of these reviewed studies^([@R3]--[@R8],[@R11],[@R12])^ centered transcriptomic analyses on subjects already diagnosed with PTSD, and thus lacked a prospective study design, as well as independent datasets for validation purposes. These studies employ gene expression analysis on pre-determined targets, focusing analyses on the individual gene-level and the putative clinical utilities of the resulting gene-list, without studying the connectivity of these genes at the system-level.

Recent gene-expression network analyses, such as weighted gene co-expression network analysis (WGCNA), aim to integrate expression data across thousands of genes into a higher-order system-level context to identify groups of genes within a network whose expressions are highly correlated (i.e. co-expression modules)^[@R13]^. In doing so, WGCNA provides a powerful unsupervised approach to tackle the molecular complexity that occurs in neurodevelopmental and psychophysiological disorders^([@R14]--[@R19])^, although has never before been applied to PTSD.

We applied WGCNA to RNA-Seq and microarray peripheral blood leukocyte (PBL) gene expression taken from two independent groups of U.S. Marines, both pre- and post-deployment to conflict zones. The primary goal of this analysis was to best characterise the prognostic and diagnostic molecular signatures defining both 'PTSD risk' and 'PTSD' states, while demonstrating the robustness and reproducibility of WGCNA findings across datasets. Instead of identifying differentially expressed genes on a gene-by-gene basis, we constructed unsupervised gene co-expression networks from a combination of case and control data and identified gene co-expression modules within these networks. Modules were first assessed for containing differentially expressed genes, tested for their association with PTSD, and finally subjected to functional enrichment analysis. In this manner, we then assessed whether the PTSD-associated modules were detected in our second non-overlapping dataset of U.S. Marines to demonstrate a significant and consistent association of our findings. We conclude that prospectively profiling the transcriptome of U.S. Marines pre- and post-deployment to conflict zones, using a co-expression analysis approach is a promising strategy for identifying and studying the functions of causal and consequential molecular factors in PTSD development, with particular value in reproducing results across independent datasets of U.S. Marines.

SUBJECTS AND METHODS {#S2}
====================

Sample Collection and Datasets {#S3}
------------------------------

All subjects were male and participants in either the Marine Resiliency Study (MRS) or the Marine Resiliency Study II (MRS II), prospective studies of well-characterized U.S. Marines scheduled for combat deployment to Iraq or Afghanistan, with longitudinal follow-up to track the effect of combat stress. *Dataset 1* - Whole blood was obtained from 124 MRS II U.S. Marine participants who served a seven month deployment. Blood was drawn 1-month prior to deployment and again at 3-months post-deployment for each participant. Each blood sample (10ml) was collected into an EDTA-coated collection tube, RNA was isolated from peripheral blood leukocytes using LeukoLOCK Total RNA isolation and sequenced using the Illumina Hi-Seq 2000.*Dataset 2* - For validation, data were compared to an independently generated gene expression data-set from a separate, non-overlapping, group of 50 MRS Marine participants (*Glatt et al. 2013*, previously published pre-deployment data^[@R12]^). Blood samples were treated in an identical fashion as described above, however final RNA was hybridized to the Affymetrix Hu-Gene 1.0 ST Array.

PTSD Diagnosis {#S4}
--------------

At the time of each blood draw, PTSD symptoms were assessed using a structured diagnostic interview, the Clinician Administered PTSD Scale (CAPS)^([@R20]--[@R23])^. Using the criteria from the Diagnostic and Statistical Manual of Mental Disorders, fourth edition (2000)^[@R24]^, diagnosis for partial or full PTSD was defined as a threat to life, injury, or physical integrity (Criterion A1) and the presence of at least one re-experiencing symptom and either three avoidance symptoms or two hyperarousal symptoms, or two avoidance symptoms plus two hyperarousal symptom^([@R25]--[@R27])^. Symptoms must have occurred at least once within the past month (frequency ≥ 1) and caused a moderate amount of distress (intensity ≥ 2).

Subject selection {#S5}
-----------------

A subset of MRS study participants were pre-selected for RNA-Seq analysis. First, at pre-deployment, all participants had to be symptom free, with no PTSD diagnosis and a CAPS ≤ 25. Second, at post-deployment, participants who fulfilled criteria for partial or full PTSD diagnosis were designated the PTSD group. Third, participants with post-deployment CAPS ≤ 25 that matched the post-deployment PTSD group on variables of combat exposure, age and ethnicity were designated the "control" group. Under these criteria, all paired subjects were stratified into two groups based upon CAPS scores at 3-months post-deployment ([Table 1](#T1){ref-type="table"}, [Supplementary Table 1](#SD13){ref-type="supplementary-material"}). If a Marine participant developed PTSD following trauma-exposure at 3-months post-deployment, their pre-deployment sample would be included in the 'PTSD-risk' group. Likewise, if a subject avoided PTSD symptoms at 3 months post-deployment their sample at pre-deployment was included in the 'control' group.

Data Pre-Processing {#S6}
-------------------

All data were pre-processed by normalization, filtering genes with low expression values, and removing any outliers which may bias down-stream analysis. Final subject numbers resulted in 94-paired subjects (47 paired cases and 47 paired controls) in *Dataset 1* and 48 paired subjects (24 paired cases and 24 paired controls) in *Dataset 2*. To compare findings from RNA-Seq data in *Dataset 1* to microarray data in *Dataset 2*, genes found only on both platforms (*N*=10,184) passed into our subsequent analysis (see [Supplementary File](#SD1){ref-type="supplementary-material"} for more detailed information).

Differential Gene Expression Analyses {#S7}
-------------------------------------

Differentially expressed genes were assessed using the moderated t-test in edgeR^[@R28]^ and LIMMA^[@R29]^ packages for RNA-Seq and microarray data, respectively, and unless otherwise specified, the significance threshold was a nominal p-value \< 0.05. A nominally significant p-value was used to yield a reasonable number of genes to include within network analyses. Differential expression analyses were performed on 10,184 genes between pre-deployment PTSD case and control groups, and again between post-deployment PTSD case and control groups (see [Supplementary File](#SD1){ref-type="supplementary-material"} for more detailed information).

Gene network construction and module detection {#S8}
----------------------------------------------

Signed co-expression networks were built using weighted gene co-expression network analysis (WGCNA)^[@R13]^ in R. A total of 10,184 genes were used to construct each network. To construct the networks, the absolute values of Pearson correlation coefficients were calculated for all possible gene pairs and resulting values were transformed so that the final matrix followed an approximate scale-free topology (see [Supplementary File](#SD1){ref-type="supplementary-material"} for detailed information). The WGCNA dynamic tree-cut algorithm was used to detect network modules. In order to determine which modules, and corresponding processes were most associated to PTSD related states, we ran singular value decomposition on each module's expression matrix and used the resulting module eigengene (ME), which is equivalent to the first principal component^[@R13]^, to represent the overall expression profiles for each module.

For each gene in a module, module membership (*kME*) was defined as the correlation between gene expression values and *ME* expression. Genes with high *kME* inside co-expression modules are labeled as hub genes^[@R13]^. *GS* was calculated as the −log~10~ of the *p*-value generated for each gene within a particular module using a moderated *t* test and is a measure of the strength of differential gene expression between PTSD cases and controls. *MS* was calculated as the average *GS* within each module (see [Supplementary File](#SD1){ref-type="supplementary-material"} for more information).

Statistical Analyses {#S9}
--------------------

All gene-set overlap analyses were performed by assessing the cumulative hypergeometric probability using the *phyper* function in R.

Enrichment Analyses {#S10}
-------------------

Module enrichment was assessed three ways. First, general module enrichment categories were obtained using gene ontology biological processes from the DAVID database^[@R30]^ (<http://david.abcc.ncifcrf.gov/>). Second, specific module enrichment categories were obtained using the WGCNA function userlistEnrichment^[@R31]^ using modules as input-lists and curated Reactome NCBI Biosystems pathways and terms^[@R32]^ as user-defined lists. Finally, we downloaded the highly expressed, cell specific (HECS) gene expression database compiled by Shoemaker et al.^[@R33]^ to assess cell-type specific enrichment results, here cell-type marker lists were used as a user-defined lists. All module genes were used for enrichment analyses using a FDR corrected p-value \< 0.05 as significant.

Data Availability {#S11}
-----------------

RNA-Seq and microarray gene expression data are freely available at the Gene Expression Omnibus under the SuperSeries accession number GSE64814 (<http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE64814>).

**Full Methods** and any associated references are available in [Supplementary Methods](#SD1){ref-type="supplementary-material"}.

RESULTS {#S12}
=======

We analyzed two different gene expression datasets generated from RNA-Seq (*Dataset 1*, [Table 1](#T1){ref-type="table"}) and microarray (*Dataset 2*, [Supplementary Table 1](#SD13){ref-type="supplementary-material"}) using peripheral blood leukocyte (PBL) samples taken from U.S. Marines pre- and post-deployment. Following a set of differential gene expression analyses ([Supplementary Figure 1](#SD1){ref-type="supplementary-material"}), we aimed to characterise the prognostic and diagnostic molecular signatures of PTSD by studying transcriptional differences at the systems-level at pre-deployment and post-deployment separately. Initially, WGCNA was used in *Dataset 1* to assess module preservation between PTSD cases (N = 47) and controls (N = 47) for the pre- and then the post-deployment time point (see [Supplementary File](#SD1){ref-type="supplementary-material"} for complete description). This analysis identifies large differences in gene co-regulatory patterns, as being disrupted or created in PTSD cases relative to controls, or vis-versa. However, we observed strong preservation statistics between the two groups indicating similar fundamental gene co-regulation within PTSD cases and controls, suggesting that major changes in the underlying gene-gene connectivity are not a basis for the pathology of this disorder ([Supplementary Table 2](#SD14){ref-type="supplementary-material"}). As a result we used the higher confidence and completeness of a combined network of case and control data.

Differential module expression post-deployment in Dataset 1 {#S13}
-----------------------------------------------------------

We constructed a gene co-expression network from a combination of PTSD cases (N = 47) and controls (N = 47) post-deployment using RNA-Seq expression data from *Dataset 1* ([Figure 1](#F1){ref-type="fig"}). This analysis identified nine modules (fully characterised in [Supplementary Table 3](#SD2){ref-type="supplementary-material"}) that were first examined for enrichment of differentially expressed genes. Two modules (M1A and M1B) were enriched for genes identified as differentially expressed between PTSD cases and controls, reflected by an elevated module significance (*MS*) value ([Figure 2A](#F2){ref-type="fig"}). To determine if the overall expression of modules M1A and M1B were significantly associated with PTSD group status, we calculated differences in module expression using module eigengene (*ME*) values *(See Materials and Methods for complete description of ME)*. Consistent with results using MS, expression of module M1B was significantly higher in the PTSD resilient control group (*p*=0.004 and [Figure 2B](#F2){ref-type="fig"}) suggesting a positive correlation to PTSD resiliency, meanwhile expression of module M1A was significantly higher in the PTSD group (*p*=0.02, [Figure 2B](#F2){ref-type="fig"}). Subsequently, *ME* values for each module were correlated to all clinical parameters, found in [Table 1](#T1){ref-type="table"}, to determine module-trait relationships. The *ME* for module M1B was significantly correlated to post-deployment PTSD resilient controls (*r*=0.29, *p*=0.005), negatively correlated to post-deployment CAPs and PCL (CAPs, *r* =−0.27, *p* =0.009; PCL r=−0.28, p=0.007) and negatively correlated other measures of CAPS ([Supplementary Table 3](#SD2){ref-type="supplementary-material"}) but not correlated to any other measured clinical variable, suggesting that differential gene expression in M1B was not confounded by recorded measurements such as body-mass-index, smoking, or alcohol consumption. Genes in M1B were expressed to a greater extent in PTSD resilient controls ([Figure 2B](#F2){ref-type="fig"}) while enrichment analysis revealed a significant association with hemostasis, platelet activation and wound healing ([Figure 3A](#F3){ref-type="fig"}). Further, enrichment for cell-type specificity revealed on over-representation of erythroid expression markers (blood platelets). Hub genes are those most strongly correlated to the *ME* value for a particular module and represent possible disease associated markers^[@R13]^, in this case putative PTSD-resiliency markers. The top 5 hub genes in M1B (*C6orf25, CTDSPL, ITGB3, PRKAR2B* and *TUBB1*) were are all associated with hemostasis and in particular, with platelet regulation and function^[@R34]--[@R37]^ ([Figure 3B](#F3){ref-type="fig"}).

The *ME* for module M1A was significantly correlated to PTSD cases (*r* = 0.23, *p* = 0.03), post-deployment CAPs criteria of avoidance (CAPSCA, *r* = 0.32, *p* = 0.002) and post-deployment CAPs criteria of re-experiencing (CAPSBs, *r*=0.2, *p*=0.05) but to no other variables ([Supplementary Table 3](#SD2){ref-type="supplementary-material"}). Genes in M1A were over-expressed in PTSD cases ([Figure 2B](#F2){ref-type="fig"}) while enrichment analysis revealed a significant association with immune response as exemplified by innate responses mediated by interferon (IFN) signalling ([Figure 3C](#F3){ref-type="fig"}), as well as with monocyte specific markers. The top 5 hub genes in M1A included *IFI35, IFIH1, PARP14, RSAD2 and UBE2L6*; all well described interferon stimulated genes^[@R38]^ and here considered putative PTSD-associated markers ([Figure 3D](#F3){ref-type="fig"}).

Differential module expression pre-deployment in Dataset 1 {#S14}
----------------------------------------------------------

It is unclear whether the modules identified post-deployment are causal of PTSD development or are simply a consequence of the disorder. To determine if any post-deployment modules could be re-identified and thus associated as causal modules, we constructed a gene co-expression network combining RNA-Seq gene expression data from PTSD-risk cases (N = 47) and controls (N = 47) pre-deployment in *Dataset 1*. Twenty-two pre-deployment modules were identified (fully characterised in [Supplementary Table 4](#SD3){ref-type="supplementary-material"}) whereby a single module (M2A) was enriched for differentially expressed genes between PTSD-risk participants and controls as reflected by an elevated MS value ([Figure 2C](#F2){ref-type="fig"}). Along the same lines, M2A module expression was significantly higher in the PTSD risk group (*p*=0.001 and [Figure 2D](#F2){ref-type="fig"}). Module M2A *ME* was significantly correlated to one variable, PTSD-risk (*r*=0.32, *p*=0.002, [Supplementary Table 4](#SD3){ref-type="supplementary-material"}). Similar to module M1A that was identified post-deployment, enrichment analysis of genes in M2A revealed a significant association with innate immune responses, IFN signalling and monocyte specificity ([Figure 3E](#F3){ref-type="fig"}). The top 5 hub genes were again associated with IFN signalling (*DTX3L, IFIH1, IFIT3, PARP14* and *STAT2*) ([Figure 3F](#F3){ref-type="fig"}). Gene-set overlap analysis compared all of the genes in M2A pre-deployment (n = 245) to those in M1A post-deployment (n =115) to reveal a significant overlap (∩ = 108, *p = 6.7e-181*, [Figure 4](#F4){ref-type="fig"}).

Validation of differential module expression post-deployment in Dataset 2 {#S15}
-------------------------------------------------------------------------

To validate post-deployment findings in *Dataset 1* we assessed *Dataset 2* for similar network properties in a combined network analysis of PTSD cases (N = 24) and controls (N = 24) post-deployment. Out of 8 modules (full characterisation [Supplementary Table 5](#SD4){ref-type="supplementary-material"}), a single module (M3A) contained an enrichment of differentially expressed genes ([Supplementary Figure 2A](#SD9){ref-type="supplementary-material"}) demonstrating a modest, yet insignificant, increase in module expression within the PTSD group (*p* = 0.1, [Supplementary Figure 2B](#SD9){ref-type="supplementary-material"}). The *ME* was significantly correlated to post battle experience (*r* = 0.4, *p* = 0.004), post-deployment CAPS (*r*=0.32, *p*=0.03) and weakly correlated to a PTSD cases (*r* = 0.21, *p* = 0.1, [Supplementary Table 5](#SD4){ref-type="supplementary-material"}). The genes in this module were over-expressed in PTSD cases relative to controls ([Supplementary Figure 2B](#SD9){ref-type="supplementary-material"}) and enrichment analysis revealed a significant association with innate immune responses, IFN signalling and monocytes ([Supplementary Figure 3A](#SD10){ref-type="supplementary-material"}). The top 5 hub genes (*DDX58, IFI35, IFIT5, PARP9 and ZBP1*) were again all associated with IFN signalling ([Supplementary Figure 3B](#SD10){ref-type="supplementary-material"}). A highly significant overlap in post-deployment module genes across M1A (n=115) in *Dataset 1* and M3A (n=83) in *Dataset 2* (∩ = 63, *p* = 2.0E-105, [Figure 4B](#F4){ref-type="fig"}) confirmed the identification of a dysregulated innate immune module related to PTSD cases across two independent datasets.

Validation of differential module expression pre-deployment in Dataset 2 {#S16}
------------------------------------------------------------------------

To re-confirm pre-deployment findings from *Dataset 1*, PTSD-risk cases (N=24) and controls (N=24) pre-deployment were combined from *Dataset 2* and subjected to network analysis which identified 11 modules (full characterisation in [Supplementary Table 6](#SD5){ref-type="supplementary-material"}). A single module (M4A) was enriched for differentially expressed genes between PTSD-risk cases and controls ([Supplementary Figure 2C](#SD9){ref-type="supplementary-material"}). The PTSD-risk group displayed a significant over-expression of module expression (*p* = 0.01, [Supplementary Figure 2D](#SD9){ref-type="supplementary-material"}). The *ME* for M4A was significantly correlated to PTSD-risk (*r* = 0.36, *p* = 0.01) and CAPs (*r*=0.44, *p*=0.002, [Supplementary Table 6](#SD5){ref-type="supplementary-material"}). Moreover, enrichment analysis of M4A revealed a significant association with innate immune responses, IFN signalling and monocytes ([Supplementary Figure 3C](#SD10){ref-type="supplementary-material"}), and the top 5 hub genes (*PARP9, UBE2L6, STAT2, TRIM22* and *GBP1*) were again all associated with IFN signalling ([Supplementary Figure 3D](#SD10){ref-type="supplementary-material"}). All pairwise gene-set overlap analyses across modules M1A, M2A, M3A and M4A revealed a highly significant overlap ([Figure 4B](#F4){ref-type="fig"}) and hub gene expression for these modules showed elevated expression in PTSD groups when compared to controls both pre- and post-deployment across both datasets ([Supplementary Figure 4](#SD11){ref-type="supplementary-material"}). These results demonstrate the association of a dysregulated innate immune module, related to IFN signalling, which appears to define at least part of the pathophysiology of PTSD through causal association to PTSD development.

DISCUSSION {#S17}
==========

We investigated the high-order system-level properties of PTSD using an unsupervised network-based approach (WGCNA) to identify differences at the gene co-expression level, rather than investigating at the individual gene level. Gene expression data were generated by RNA-Seq (*Dataset 1*) and microarray (*Dataset 2*) using PBL samples isolated from U.S. Marines pre- and post-deployment to conflict zones (i.e. Iraq and Afghanistan). Our comprehensive and prospective experimental design allowed the investigation of both biological processes that define PTSD and those driving the development of this disorder, and further, allowed the re-confirmation of findings in an independent dataset. This is the first time dysregulated gene networks specific for innate immunity have been used to characterise causal and consequential molecular signatures of PTSD and then to further replicated these findings across independent datasets.

A novel finding from our network analyses was the identification of modules related to hemostasis and wound responsiveness expressed to a greater extent post-deployment in US Marines who did not develop PTSD ([Figure 2B](#F2){ref-type="fig"}), as in module M1B ([Figure 3A](#F3){ref-type="fig"}). Interestingly, the three other network analyses also detected modules related to hemostasis and wound response with significant overlap (M16 pre-deployment *Dataset 1*; M7 and M6 indented post- and pre-deployment in *Dataset 2*; [Supplementary Figure 5](#SD12){ref-type="supplementary-material"}, [Supplementary Tables 4](#SD3){ref-type="supplementary-material"}--[6](#SD5){ref-type="supplementary-material"}). These other modules revealed patterns of heterogeneous gene expression irrespective of group status and time-point suggesting that these modules and corresponding processes may infer wound resilience in only a small subset of individuals. Along these lines, it has been well documented that different degrees of stress will elicit different stress responses (review^[@R39]^), and in particular, a response involving blood platelets, has been shown to be a critical biomarker of hemostatic, thrombotic, and inflammatory challenges to an organism and a key player in cardiovascular disease and chronic based stress, as in PTSD^([@R40],[@R41])^. Moreover, in a review of a large number of studies examining various tissue types, it was found that different types of psychological stress were associated with impaired wound healing^[@R42]^. A meta-analysis found an inverse correlation (*r* = −0.42) between psychological stress and wound healing^[@R43]^ supporting the positive association between wound healing and PTSD resilience (*r* =0.29, *p* =0.005) found in this study. This suggests that high levels of stress may hinder proper wound healing during/after battlefield trauma, although the degree of such stress appears to be a key factor for establishing associations with the hemostatic system.

Our central finding was the identification of a dysregulated innate immune module associated with the development of PTSD ([Figure 2](#F2){ref-type="fig"},[3](#F3){ref-type="fig"}, [Supplementary Figure 3](#SD10){ref-type="supplementary-material"},[4](#SD11){ref-type="supplementary-material"}), illuminated by the replication of modules post-deployment (M1A and M3A) and those pre-deployment (M2A and M4A) that could be associated with PTSD. These findings suggest that differences in innate immunity modules were not simply a consequence of the PTSD state post-deployment but also have causal relevance for PTSD development and explain at least part of the pathophysiology of the disorder, exemplified by their identification pre-deployment. These results highlight our differential expression analyses ([Supplementary Figure 1](#SD8){ref-type="supplementary-material"}) and our previous reports of C-reactive protein (CRP), a general marker of immune activation and inflammation, and 5'-oligoadenylate synthetase genes *(i.e. OAS1, OAS2, OAS3)* as markers of the antiviral interferon response, that were associated with an increased risk of developing PTSD^([@R44],[@R12])^. However, our current findings dramatically extend these results by showing that the IFN response is being modulated to a much greater extent than previously thought pre- and post-deployment. Notably, a number of single case studies have reported that treatment of hepatitis C virus (HCV) infected PTSD subjects with recombinant interferon (IFN- α2b) precipitated PTSD symptoms^([@R45],[@R46])^. In our study, where subjects were not receiving IFN therapy, it is unclear what is stimulating the IFN response.

Our observations lead to several fundamental questions and some putative solutions. First, how does one interpret the over-expression of innate immunity genes found prior-to trauma? One possible explanation is that both acute and severe stress, predictors in their own right for PTSD, are also associated with the hyper-activation of the immune system and subsequent inflammation^([@R47],[@R48])^. An alternative hypothesis is that stress, pathogens and/or high viral loads may 'prime' the immune system, driving the IFN response, altering a subsequent response to trauma. Along these lines, studies focusing on the gut-brain barrier have shown that intestinal mucosal dysfunction, defined as increased translocation of gram-negative bacteria (leaky gut), plays a role in the inflammatory pathophysiology of depression suggesting that differences in gut flora may stimulate an IFN response^[@R49]^. Second, does a dysregulated innate immune module pre-deployment hold predictive value? Our previous work constructing a prognostic classifier from *Dataset 2* pre-deployment participants^[@R12]^ suggests that immune-related genes do hold predictive value although these results have not yet been replicated across larger datasets using machine-learning methods. Inferring the prognostic relevance of network-based applications remains challenging. However, cross-referencing our findings with this previous work suggests that network statistics, and our innate immune modules, do have potential to contain predictive value. Third, out of the entire network of pairwise correlations between genes across the transcriptome, are the most informative genes interconnected within similar modules or spread out across numerous modules? A possible limitation of this study was that by analyzing co-regulated modules of genes we may have missed individual genes, which do not correlate within our modules of interest although are of functional relevance to PTSD. For example, previous reports specifically target *FKBP5* and *STAT5B* as differentially expressed biomarkers^([@R3]--[@R8],[@R11],[@R12])^ although they were not assigned to co-expressed modules nor found to be significantly differentially expressed between PTSD cases and controls. Finally, of what relevance is PBL gene expression for a disorder primarily associated with the brain? In this study we identify innate immunity and IFN signalling genes whose expression was elevated in PBLs both before and after the development of PTSD ([Figure 2](#F2){ref-type="fig"} and [Supplementary Figure 4](#SD11){ref-type="supplementary-material"}). Although the recruitment of such signalling could be triggered by various factors, they ultimately release toxic compounds including degradative enzymes and reactive oxygen species that can impair cellular processes^([@R50]--[@R53])^. It could be hypothesized that the accumulation of these compounds in the blood prior-to-deployment may be detrimental to the brain if the integrity of the blood-brain-barrier (BBB) was then compromised by injury (e.g. TBI). An increasing body of evidence indicates that changes in the blood may seed pathology in the brain across various disorders. In a recent Multiple Sclerosis study, Minagar and Alexander^[@R54]^ investigate the association of INF with the BBB suggesting that IFN-γ and other proinflammatory cytokines (TNF-α and IL-1β) disrupt the BBB through a variety of mechanisms. Further, Alzheimer's disease models suggest that breaches in the BBB lead to leakage into the brain of blood-borne molecules that are toxic to neurons and cause neurodegenerative changes^[@R55]^. Future studies investigating the role of the BBB in PTSD may provide a detailed explanation for a specific course of PTSD development.

In summary, our data provide a global framework for previously unknown molecular aspects of PTSD and describe a new context concerning the complex pathophysiological nature of PTSD development. Specifically, modules of co-expressed genes associated with the innate immune response and IFN signalling appear to be implicated in the development of PTSD and continue to persist once the disorder is established. Modules associated with hemostasis and wound healing may contribute to resilience against developing PTSD. It is hoped that this study will lead to future work confirming the importance of differences in innate immune factors to the development of PTSD and the role of platelets in the stress response. Ideally, these findings will allow for advanced PTSD detection, which could delay or abrogate PTSD development by identifying susceptible service members prior to deployment to conflict zones by either removing the causal path (i.e. trauma exposure) or through early intervention of new therapies to modulate the interferon signature.

Supplementary Material {#SM}
======================

###### Supplementary Figure 1

Differential gene expression analyses were performed using a moderated t statistic within *Dataset 1* and *Dataset 2*. A cross-sectional analysis compared PTSD cases to controls post-deployment in *Dataset 1* (47 PTSD cases vs. 47 controls) and subsequently in *Dataset 2* (24 PTSD cases vs. 24 controls) to reveal 294 and 61 differentially expressed genes, respectively, with a significant overlap (**a**). The top 3 most significant biological processes (annotated with DAVID) based on over-expressed and under-expressed genes identified from *Dataset 1* are reported (**b**). Subsequently, the same paired data were analyzed pre-deployment for *Dataset 1* and *Dataset 2* revealing 662 and 178 differentially expressed genes, respectively, with a significant overlap (**c**). The top 3 most significant biological processes from *Dataset 1* are reported (**d**). Utilizing, the paired structure of the data, a longitudinal contrast analysis was applied to identify genes behaving differently across time within the PTSD and control groups. This analysis revealed a total of 177 genes in *Dataset 1* and 110 genes in *Dataset 2*, with minimal overlap **(e)** and no significant functional annotation **(f)**. Up and down symbols are relative to the PTSD group. Significance threshold for genes was set to a nominal p \< 0.05 where as we used a more strict threshold for functional annotations with a Bonferroni corrected p-value \< 0.05.

###### Supplementary Figure 2

Module Significance (*MS*) across **(a)** pre- and **(c)** post-deployment modules in *Dataset 2*. WGCNA detected nine modules post-deployment from a combination of PTSD cases and control **(a)** and eleven modules at pre-deployment from a combination of PTSD risk cases and controls **(b)**. The y axis indicates *MS* by calculating the average −log~10~ *p*-values, generated by a moderated *t*-test, for each gene within a particular module, when assessing differential expression between PTSD cases and controls. Here, a kruskal-wallis p-value was used only for descriptive purposes and not inferential. Modules denoted with an asterisk (\*) have module eigengenes values (*ME*) significantly correlated to group status (i.e. PTSD cases or controls). Differences in ME expression were measured using a two-tailed student's t-test on and a *p*-value \< 0.05 is considered significant. Boxplots are displayed for each main group. Post-deployment module M3B displayed a moderate, yet insignificant, over-expression (**b**) and pre-deployment M4A displayed a significant over-expression (**d**).

###### Supplementary Figure 3

Enrichment analysis and correlation networks for module M3A (**a & b**) identified post-deployment and module M4A (**c & d**) identified pre-deployment in Dataset 2. Enrichment analysis was used to identify the top 6 Reactome ontology terms (black bars), all DAVID ontology terms (grey bars) and the top cell-type signature (white bar) over-represented in the list of genes in each module. All terms were deemed significant as assessed by a hypergeometric test (FDR corrected p-value \<0.05). Gene-networks were constructed selecting the top 150 most significant connections. Nodes represent genes and edges represent correlations. The top 5 hub genes with the highest correlation with *ME* are shown in larger sizes.

###### Supplementary Figure 4

Heatmaps representation of the 51 overlapping genes from module M1A, M2A, M3A, and M4A. Heatmaps are divided into four main parts. Dataset 1 modules (**a**), M1A on the top row and M2A on the bottom row, are split into PTSD cases (left column) and controls (right column). Dataset 2 modules (**b**), M3A on the top row and M4A on the bottom row, are split into PTSD cases (left column) and controls (right column). All subjects have been sorted in an identical fashion in order to properly visualize differences in expression as occurring within each individual sample across the two time-points (i.e. Subject 1 post-deployment is directly above Subject 1 pre-deployment). Red represents over-expression, green represents under-expression and black represents the mean.

###### Supplementary Figure 5

Venn Diagram (**a**) depicting significant overlap in hemostasis and blood coagulation genes belonging to modules M1B post-deployment and Module 16 pre-deployment in *Dataset 1* as well as modules Module 7 post-deployment and Module 6 pre-deployment in *Dataset 2*. The overlap identified 46 genes found across all four analyses which are displayed in table format (**b**) along with the corresponding kME rank (i.e. rank of connectivity) for each gene within a particular module. Higher rank indicates hub gene status, the top 10 genes for each module are in bold. Heatmaps representing these 46 genes are shown across both datasets and are divided into four main parts. *Dataset 1* modules (**c**), M1B on the top row and Module 16 on the bottom row, are split into PTSD cases (left column) and controls (right column). *Dataset 2* modules (**d**), Module 7 on the top row and Module 6 on the bottom row, are split into PTSD cases (left column) and controls (right column). All subjects have been sorted in an identical fashion in order to properly visualize differences in expression as occurring within each individual sample across the two time-points (i.e. Subject 1 post-deployment is directly above Subject 1 pre-deployment). Red represents over-expression, green represents under-expression and black represents the mean according to the scale bar according to scale bar.
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![Hierarchical cluster tree and post-deployment module structure in *Dataset 1*. Hierarchical cluster tree (dendrogram) of the combine post-deployment network of PTSD cases (N=47) and controls (N=47) comprising 10,184 genes. Each line represents a gene (leaf) and each low-hanging cluster represents a group of co-expressed genes with similar network connections (branch) on the tree. The first band underneath the tree indicates the nine detected, and subsequently analyzed, network modules. Genes shaded in grey were not assigned to a particular module and represent background noise. For a comprehensive functional annotation of each module and calculation of all significant module-trait relationships see [Supplementary Table 3](#SD2){ref-type="supplementary-material"}.](nihms650921f1){#F1}

![Module significance (MS) and module eigengene (ME) expression boxplots. MS was measured across all pre- and post-deployment modules in Dataset 1. WGCNA detected ten modules post-deployment from a combination of PTSD cases and control **(a)** and twenty-two modules at pre-deployment from a combination of PTSD risk cases and controls **(c)**. The y-axis indicates MS by calculating the average −log~10~ *p*-values, generated by a moderated *t* test, for each gene within a particular module, when assessing differential expression between PTSD cases and controls. Here, a kruskal-wallis *p*-value was used only for descriptive purposes and not inferential. Modules denoted with an asterisk (\*) have ME values significantly correlated to conditional states (i.e. PTSD cases or controls). Representative modules with high MS at post-deployment and pre-deployment were investigated for module expression differences. Differences in ME expression were measured using a two-tailed student's *t* test on and a *p*-value \< 0.05 is considered significant. Boxplots are displayed for each main group. Significant differences in ME expression were observed in post-deployment modules M1B and M1A **(b)** and in pre-deployment module M2A **(d)**.](nihms650921f2){#F2}

![Module characterization for *Dataset 1*. Enrichment analysis and correlation networks for modules M1B (**a & b**) and M1A (**c & d**) identified post-deployment, and module M2A (**e & f**) identified pre-deployment in *Dataset 1*. Enrichment analysis was used to identify the top 6 REACTOME ontology terms (black bars), the top 6 DAVID ontology terms (grey bars) and the most significant cell-type signature (white bar) over-represented in the list of genes within each module. All terms were deemed significant as assessed by a hypergeometric test FDR corrected *p*-value \<0.05 displayed as a white line. The total number of genes within each significant term is denoted within the brackets associated with that term. Gene-networks were constructed selecting the top 150 most significant connections ranked by *kME*. Nodes represent genes and edges represent correlations. The top 5 hub genes, those most correlated to *ME* values, are shown in larger sizes.](nihms650921f3){#F3}

![Venn Diagram of Innate Immune Modules across *Dataset 1* and *Dataset 2*. Venn Diagram (**a**) depicting significant overlap in genes belonging to modules M1A post-deployment and M2A pre-deployment in *Dataset 1* as well as modules M3A post-deployment and M4A pre-deployment in *Dataset 2*. Gene overlap (**∩**) with associated hypergeometric p-value, in italics, are depicted for all pairwise comparisons of module genes (**b**). The overlap identified 51 genes found across all four analyses (**c**) which are displayed in the table along with the corresponding kME rank (i.e. rank of connectivity) for each gene within a particular module. A high rank indicates hub gene status (i.e. PTSD risk and PTSD associated markers). Numbers in bold outline the top 10 hub genes across each module, respectively. Genes are ordered accordingly to M2A kME. All 51 genes are displayed via heatmap in [Supplementary Figure 4](#SD11){ref-type="supplementary-material"}.](nihms650921f4){#F4}

###### 

Recorded clinical parameters from U.S. Marines assessed at pre- and post-deployment for Dataset 1.

  Time point                Pre-Deployment   Post-Deployment                                           
  ------------------------- ---------------- ----------------- -------- --------------- -------------- ----------
  Age                       22.15 ± 2.53     22.42 ± 3.92      0.682    23.14 ± 2.52    23.42 ± 3.92   0.685
  Alcohol                   2.08 ± 1.55      1.62 ± 1.33       0.124    1.79 ± 1.32     1.54 ± 1.11    0.318
  Tobacco                   1.75 ± 1.62      0.97 ± 1.51       0.02     1.69 ± 1.69     1.02 ± 1.47    0.042
  WC adj.                   1.65 ± 0.13      1.72 ± 0.13       0.015    1.68 ± 0.14     1.75 ± 0.12    0.012
  PCL                       21.29 ± 4.72     18.33 ± 2.27      0.0001   42.38 ± 11.09   20.94 ± 3.87   5.37E-22
  CAPS total                11.39 ± 7.23     6.75 ± 6.90       0.002    53.17 ± 15.08   10.04 ± 7.26   5.99E-32
  CAPSBs                    1.00 ± 1.91      0.54 ± 1.92       0.245    14.9 ± 7.25     1.54 ± 2.37    6.29E-21
  CAPSCAs                   0.54 ± 1.11      0.10 ± 0.51       0.015    5.31 ± 4.57     0.85 ± 2.08    1.88E-08
  CAPSCN1s                  1.10 ± 2.23      0.97 ± 2.88       0.813    9.17 ± 5.32     1.19 ± 2.87    1.21E-14
  CAPSDs                    8.39 ± 5.66      4.58 ± 4.98       0.001    22.6 ± 6.7      6.42 ± 4.79    5.97E-24
  CAPSCs                    2.00 ± 2.73      1.62 ± 3.66       0.571    15.67 ± 7.23    2.08 ± 3.66    7.15E-20
  Prior Deployment          19               16                0.6699   \-              \-             \-
  TBI                       \-               \-                \-       30              21             0.097
  CES PBE mean              \-               \-                \-       0.63 ± 0.25     0.53 ± 0.12    0.02
  Caucasian                 26               26                1        \-              \-             \-
  African American          4                4                 1        \-              \-             \-
  Native American Mexican   13               15                0.822    \-              \-             \-
  Asian & Other             5                3                 0.714    \-              \-             \-

Abbreviations: Alcohol = alcohol consumption; Tobacco = tobacco use; WC adj. = waist circumference was adjusted for height; PCL = PTSD symptom check list, CAPS total = CAPS total score, CAPSBs = re-experiencing subscale, CAPSCAs = symptoms of avoidance, CAPSCN1s = symptoms of numbing, CAPSCs = subtotal C subscale, CAPSDs = hyper-arousal subscale, TBI = traumatic brain injury, CES = combat exposure scale, PBE = post battle experience; -, not applicable. Significance was assessed with a Student's two-tailed *t* test for continuous variables and fishers exact

[^1]: Both authors had equal part in this manuscript.
